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Abstract:  

Poly(disulfide)s are an emerging class of sulfur-containing polymers with applications in medicine, 

energy, and functional materials. However, the constituent dynamic covalent S−S bond is highly 

reactive in the presence of sulfide (RS−) anion, imposing a persistent challenge to control the 

polymerization. Here, we report an anion-binding approach to arrest the high reactivity of RS− 

chain end to control the synthesis of linear poly(disulfide)s, realizing a rapid, living ring-opening 

polymerization of 1,2-dithiolanes with narrow dispersity and high regioregularity (Mw /Mn ~ 1.1, 

Ps ~ 0.85). Mechanistic studies support the formation of a thiourea-base-sulfide ternary complex 

as the catalytically active species during the chain propagation. Theoretical analyses reveal a 

synergistic catalytic model where the catalyst preorganizes the protonated base and anionic chain 

end to establish spatial confinement over the bound monomer, effecting the observed 

regioselectivity. The catalytic system is amenable to monomers with various functional groups, 

and semicrystalline polymers are also obtained from lipoic acid derivatives by enhancing the 

regioregularity. 
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INTRODUCTION  

Sulfur-containing polymers exhibit a myriad of unique properties and functions, leveraging on the 

desirable physical properties of the S atom and rich reactivity profile of the element. Sulfur-

containing polymers come in many shapes and forms, including thioesters,1-3 thiocarbonates,4 

thioethers,5 thioamides,6 thioureas,7 disulfides,8 trisulfides,9 and polysulfides.10,11 In particular, 

disulfides (RS−SR) show a gamut of stimuli-responsive properties with only two atoms. Its 

dynamic covalent nature is robust and media-tolerant,12,13 making it a popularly sought-after motif 

in designing functional polymers and already so in nature’s macromolecules. For instance, 

poly(disulfide)s from lipoic acid derivatives have been widely used in biomedical research owing 

to their biocompatibility and ease of modification. Examples include intracellular delivery of 

bioactive cargos,14-20 development of protein conjugates,21 prodrugs,22,23 and antibacterials.24 The 

past decades also witnessed the surge of applications for disulfide-containing polymers in dynamic 

materials25 including supramolecular assemblies,26-29 liquid crystals,30 hydrogels,31-34 supersoft 

elastomers,35 pressure-sensitive adhesives,36 recyclable polymers,37,38 elastic ceramics,39 plastic 

compatibilization,40 and Li−S batteries.41 Regardless of its broad utility, synthesis of 

poly(disulfide)s with controlled weight distribution and backbone regiochemistry remains 

persistently challenging. 
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Figure 1. Controlled and regioselective ROP of 1,2-dithiolanes via anion-binding catalysis. 

 

The conventional methods for poly(disulfide)s synthesis include oxidative 

polycondensation of dithiols,42,43 thermally induced polymerization in bulk,44,45 and disulfide 

exchange.46,47 Some approaches circumvent the direct construction of S−S bonds by 

polymerization of monomer with pre-installed disulfide bonds48,49 or copolymerization with 

sulfur.50 Recently, the anionic ring-opening polymerization (ROP) of 1,2-dithiolanes has emerged 

https://doi.org/10.26434/chemrxiv-2023-cjp57 ORCID: https://orcid.org/0000-0001-7077-363X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cjp57
https://orcid.org/0000-0001-7077-363X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

as a promising method to synthesize poly(disulfide)s in a more controlled manner.37,51 Liu and 

Moore found that using a thiolate initiator (RS–) with high nucleofugality in the anionic ROP lead 

to poly(disulfide)s with a cyclic toplogy.37 Lu showed monomer aggregation as a means to effect 

grafting-from polymerization at a low monomer concentration from exposed thiolates on the 

protein surfaces.17,21 Qu discovered an alternative, cationic ROP of 1,2-diothiolanes, yielding 

poly(disulfide)s with high molecular weights.52 Despite recent progress in anionic ROP, the 

fundamental challenges in controlling the polymerization remain unsolved (Figure 1, central box): 

the highly nucleophilic sulfide chain end reacts readily with S–S bonds on either monomer or 

polymer with low selectivity, leading to significant chain transfer and regiochemically irregular 

polymer backbone.37,43 The lack of synthetic approach to control the mass distribution and 

regiochemistry raises a significant barrier to develop functional poly(disulfide) materials with 

defined structure and composition.  

Anion-binding catalysis is a powerful tool that regulates the reactivity of anionic 

intermediates in small-molecule organic synthesis53-63 to achieve high chemical selectivity. NH 

hydrogen bond donors, such as urea and thiourea, prevail in the design of anion-binding 

catalysts,64-67 though other hydrogen-bond donors such as OH68 and CH69,70 have also been 

demonstrated. Waymouth and Hedrick pioneered the use of (thio)urea catalysts in the ROP of 

lactones or lactides to activate monomers and minimize chain transfer.71-74 Chen carried out kinetic 

resolution polymerization using a bifunctional chiral thiourea.75 In these early works, the 

hydrogen-bond donors were used to directly activate neutral electrophilic substrates via LUMO-

lowering effect. The anion-binding approach complements the conventional use of H-bond donors 

by interacting with the negatively charged nucleophilic species in the polymerization. Wang and 

Tao used thioureas to stabilize the carboxylate chain end to access controlled anionic ROP of O-

https://doi.org/10.26434/chemrxiv-2023-cjp57 ORCID: https://orcid.org/0000-0001-7077-363X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cjp57
https://orcid.org/0000-0001-7077-363X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

carboxyanhydrides76 and N-carboxyanhydrides.77 Fors extended the use of anion-binding catalyst, 

thiophosphoramide, to arrest the reactive countercation and furbish an air-tolerant cationic 

polymerization of vinyl ethers.78 Recently, Tao applied selenocyclodiphosphazanes as an anion 

receptor to abstract Cl− to reversibly activate and deactivate the chain end for living cationic 

polymerization of vinyl ethers.79,80 These prior examples of NH-based catalysts exploited a variety 

of means to control polymerization, inspiring us to strategize anion-binding catalysis in the ROP 

of 1,2-dithiolanes. 

Scheme 1. Regioisomeric Triads in Poly(disulfide)s from 3-Substituted Monomersa 

 
aPurple circles highlight 13C signals that are used to calculate triad population (P). 

 

Herein, we propose that forming an anion-binding complex with the reactive sulfide81,82 

chain end will modulate its nucleophilicity. The hydrogen-bonding interactions are envisioned to 

mitigate the negative charge on the RS− chain end to better its selectivity towards ring-opening 

(chain propagation) over chain transfer. The complex also casts a sterically crowded environment 

around the monomer upon binding, improving the regioselectivity of the ring-opening reaction. 

To identify polymerization conditions that are ideal for the formation of anion-binding complex, 

we selected (R)-methyl lipoate, (R)-LM, as the model ring-opening monomer for its structural 

simplicity and ease of synthesis from commercially available (R)-lipoic acid. The enantiopure 

monomer also eliminates stereochemical uncertainty from our studies of regioselectivity. The 
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regioregularity for poly[(R)-LM)] was experimentally measured by the population (Pss) of the 

regioregular triad, the syn-syn triad, by peak deconvolution analysis on 13C NMR data (Scheme 

1).37 This value is then used to calculate the regioselectivity of the ring-opening reaction (Ps).  

 

Figure 2. Optimization of ion-pairing interactions for ROP of (R)-LM. (A) Screening of bases 

with toluene (PhMe) as solvent. (B) Screening of solvents with tetramethylguanidine (TMG) as 

base. (C) Dispersity of polymers versus reaction time in different solvents. The circles represent 

regioregularity (Pss) and the columns represent monomer conversion at the second time point for 

each entry. Condition: [Monomer]0:[Base]0:[BnSH]0
 = 400:1:1, [Monomer]0 = 2.5 M, 4 ºC. 

 

RESULTS AND DISCUSSION 

Initial Optimization of Base and Solvent. Since it has been established that thiolate 

(RS–), not free thiol (RSH), triggers the disulfide exchange for the ring-opening step in the ROP 
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of 1,2-dithiolanes,12,17,31,37,83,84 the polymerization of (R)-LM was tested first with seven 

commercially available organic bases of varied basicity in nonpolar toluene (Figure 2A). A weak 

base such as triethylamine (TEA) failed to initiate polymerization while stronger bases succeeded 

and were observed to reach equilibrium conversion in a shorter time.85 We also observed that the 

regioregularity (Pss) decreased and faltered more readily approaching equilibrium for stronger 

bases.86 Amongst the seven bases, tetramethyl guanidine (TMG) stroke the best balance between 

reactivity and control. Then, the polymerization of (R)-LM was tested with seven common organic 

solvents of varied polarity, using TMG as base (Figure 2B). The monomer conversion was 

insensitive to polarity, and the regioregularity slumped by a greater extent in a more polar solvent, 

though its onset values were similar in different solvents. We hypothesized that the decrease in 

regioregularity on reaction time is related to chain transfer. Consistently, the dispersity (Đ) of 

poly[(R)-LM] was found to increase over time in all solvents, and more so in solvent with a higher 

polarity (Figure 2C). This observation suggests chain transfer reaction has a lower regioselectivity 

than propagation, and its inhibition is key to better Pss. Overall, TMG was identified as the working 

base and toluene was selected as the working solvent. 

Living Polymerization with Improved Regioselectivity by H-Bonding 

Catalysts (HBCs). Under the optimized solvent–base combination (TMG/PhMe), we next 

screened aryl HBCs of different NH donors such as urea, thiourea, squaramide, and sulfonamide 

(Figure S20). Polymerization was slowed down with these HBCs or even inhibited when using 

squaramide and sulfonamide, suggesting that binding of RS− chain end lowers its reactivity. The 

initial screening showed that the unsymmetric bis-thiourea (Scheme 2), TU2ch, provides good 

control over polymerization to reach a dispersity (Đ) as low as 1.08,87 but at the cost of reactivity 

as evident by the lower conversion (38% vs. typical 60–70%). Using TU2ch, we found that the 
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dependence of regioregularity or dispersity on base remained similar with and without HBC, and 

so does the solvent polarity (Figure S22), although the magnitude of impact was mitigated in the 

presence of HBC. This phenomenon implies that the base and the HBC are playing different and 

complementary roles in polymerization control. 

Scheme 2. The Chemical Structures of Representative H-Bonding Catalysts and Monomers 

 

 

We then turned to HBC with a stereochemically defined binding pocket with an envision 

that such catalyst effects better regioselectivity of ROP (Table 1). Initial test using multiple NH 

donors with a chiral skeleton was counterproductive (Figure 3A): the BINAM-based thiourea 

catalyst with four NH donors, TUB, was shown to inhibit polymerization (Table 1, entry 3), while 

the monosubstituted urea catalyst with three NH donors, UiPB (Table 1, entry 5), showed expedited 

conversion (40%) compared to TU2ch (20%) at 40 min (Table 1, entry 4). The improved reactivity 

still jeopardizes regioselectivity. For instance, catalyst with further decreasing number of NH 

donors, such as TUch with two donors, showed a faster conversion (50% at 40 min) and a greater 
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drop in regioregularity (∆Pss = −0.1) than TU2ch, which showed 20% conversion with no decrease 

in Pss under the same condition (Figure S19). Serendipitously, we found that unsymmetric 

thioureas with tertiary amines as extra hydrogen bond acceptor resolves the reactivity-selectivity 

dilemma. Takemoto’s catalyst (TUTM) maintained a high regioselectivity until ~60% conversion 

(Table 1, entry 6 and Figure S33). Finally, thiourea with epiquinine motif, TUeQN, achieved an 

excellent regioselectivity (Pss = 0.7) and a high reactivity (70% conversion at 40 min; Table 1, 

entry 7). The TUeQN-catalyzed ROP of (R)-LM is 3-fold as fast as TU2ch, k = 3.2 vs. 1.1 h−1 (Figure 

3B), fitted using a previously established propagation kinetic model of a reversible 

polymerization.32 The controlled polymerization process was demonstrated by the linear 

relationship between the molecular weight of poly[(R)-LM] and monomer conversion along with 

a persistently low dispersity, Đ ~ 1.1 (Figure 3C). A linear increase was also observed for the 

molecular weight of poly[(R)-LM] under increasing monomer-to-initiator ratio (Figure 3D), 

indicating a good chain end fidelity. Indeed, the end groups was confirmed by matrix-assisted laser 

desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometry to be the initiator and the 

quencher (Figure S36).  

With a controlled polymerization at hand, we now have access to how the polymerization 

loses control due to chain transfer. Noted that undesirable introduction of other disulfide, likely 

from the oxidation of initiator thiol, can be an additional source of chain transfer; therefore, the 

purity of thiol is critical for controlled polymerization. The low regioselectivity of chain transfer 

(vide supra) yields polymer chains with two propagating chain ends, which was observed by 

MALDI-TOF and gel permeation chromatography (GPC) as a high-molecular-weight shoulder to 

the main peak (see Supporting Information S.10). Upon extending the reaction time well past 70% 

conversion to reach equilibrium conversion of ~80%, this shoulder peak grew to merge with the 
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main one, leading to an overall broadened product peak with a poor dispersity (Figure S40). This 

observation suggests that our control over dispersity benefits from significant suppression of chain 

transfer and proper timing to stop the reaction before chain transfer regains. 

 

Figure 3. Controlled and regioselective ROP of (R)-LM via the use of HBCs. (A) Screening of 

HBCs with varied number of hydrogen bond donors and acceptors. The circles represent 

regioregularity (Pss), and the columns represent monomer conversion at the first time point for 

each HBC. Condition: [Monomer]0:[TMG]0:[BnSH]0:[HBC]0 = 400:1:1:5, [Monomer]0 = 2.5 M, 

PhMe, 4 ºC. (B) Kinetics of ROP using TU2Ch and TUeQN as catalyst, and their apparent pseudo-

first-order rate constants (kapp) determined by 1H NMR. Mn (squares) and Đ (circles) versus (C) 

monomer conversion or (D) monomer-to-initiator ratio for poly[(R)-LM)] from TUeQN-catalyzed 

ROP. Insets: Corresponding GPC traces of crude polymers (green to black).  
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Table 1. Summary of HBC-catalyzed ROP of (R)-lipoic acid derivativesa 

Entry Monomer HBC T 
(ºC) 

Time 
(min) 

Conv. 
(%)b 

Mn,theo 
(kDa)c 

Mn,exp 
(kDa)d 

Đd Pss
e Ps

f 

1 LM -g 4 120 61 54.3 60.7 1.40 0.61 0.74 
2 LM TUCh 4 90 69 61.1 44.5 1.16 0.59 0.74 
3 LM TUB 4 90 < 1 - - - - - 
4 LM TU2Ch 4 90 38 33.7 42.8 1.08 0.67 0.78 
5 LM UiPB 4 90 58 51.8 42.3 1.23 0.66 0.78 
6 LM TUTM 4 90 63 56.1 48.5 1.14 0.70 0.81 
7 LM TUeQN 4 40 72 63.9 50.7 1.15 0.72 0.84 
8h LM TUeQN 4 40 < 1 - - - - - 
9i LM TUeQN 4 40 < 1 - - - - - 
10 LM TUeQN –10 60 75 66.5 86.2 1.08 0.78 0.86 
11 LM TUeQN –35 90 86 75.5 123.3 1.10 0.84 0.89 
12 LM TUeQN –45 120 53 47.3 82.5 1.18 0.87 0.92 
13 LB TUeQN 4 40 57 67.8 83.2 1.11 0.76 0.85 
14 LE TUeQN 4 40 64 66.9 82.0 1.15 0.73 0.84 
15 LF TUeQN 4 30 71 110.3 93.5 1.16 0.75 0.84 
16 LP TUeQN 4 240 40 44.4 39.5 1.12 0.64 0.78 
17 LG TUeQN 4 40 63 66.5 66.8 1.11 0.73 0.84 
18 LD TUeQN 4 30 35j 37.1 88.2 1.14 0.60 0.75 

aPolymerization condition: [(R)-LM]0
 : [TMG]0 : [BnSH]0 : [HBC]0 = 400:1:1:5, [(R)-LM]0 = 2.5 

M, PhMe, quenched with m-ClPhNCO. bMonomer conversion was determined by 1H NMR spectroscopy. 

cTheoritical Molecular weight (Mn theo) was calculated as Mn,theo = MW(Monomer) × 400 × Conv. + 

MW(BnSH) + MW(m-ClPhNCO). dDetermined by GPC analysis using polystyrene standards. eQuantified 

by the 13C NMR data using peak deconvolution as described in section S.3.  fRing-opening regioselectivity, 

calculation detailed in section S.12. gWithout HBC. hWithout TMG, [(R)-LM]0
 : [BnSH]0 : [TUeQN]0 = 

100:1:1. iWithout TMG and BnSH, [(R)-LM]0
 : [TUeQN]0 = 100:1. jIsolated yield. 
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Figure 4. Propagating species in TUeQN/TMG-mediated anionic ROP. (A) 1H NMR spectra of 

different thiol-base mixtures (20 mM, PhMe-d8, 298 K, 600 MHz). (B) Changes in chemical shifts 

of NHAr as a function of guest equivalent (5 mM, PhMe-d8, 298 K, 600 MHz). T+: 

tetraethylammonium, NEt4
+. (C) Proposed chemical equilibrium leading to the formation of 

propagating species for the controlled ROP (Cat: TUeQN, G: TMG, S: thiol chain end, M: 

monomer). (D) Double logarithm plots between apparent propagation rate and concentration of 

key substance, whose corresponding reaction orders are indicated by the slope.  

 

Experimental Investigation of the Propagating Species. In order to reveal how 

HBC participates in the anion-binding catalysis, we first evaluated the formation of sulfide anions 
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in the presence of base (Figure 4A). With increasing basicity, the degree of deprotonation also 

increased in i-amyl thiol, a model thiol selected instead of benzyl thiol for its distinctive NMR 

resonance peaks after deprotonation. Although the deprotonation of thiol was incomplete by TMG 

(~50%), the SH proton peak was nearly absent in the NMR spectrum suggesting rapid proton 

exchange. It has been known that proton can serve as a reversible chain transfer or termination 

agent in anionic ROP,88,89 we therefore attributed the ability of TMG to achieve the best control 

over polymerization amongst screened bases (cf. Figure 2) to its appropriate degree of 

deprotonation and rate of proton exchange. In most cases, we observed slightly higher 

experimental molecular weights indicative of good initiation efficiencies (>80%) for the 

TUeQN/TMG system, suggesting the proton exchange is indeed faster than the propagation and that 

the reversible termination or chain transfer is contributing to the controlled polymerization. 

Furthermore, the degree of deprotonation correlates positively to the rate of ROP triggered by these 

bases (cf. Figure 2), consistent with the anionic nature of the propagating species. Finally, the role 

of TMG as the only base in the catalytic system was confirmed by no-TMG control experiments, 

where we observed no polymerization (Table 1, entries 8−9; Figure S42) excluding TUeQN’s role 

as base. 

We then investigated the host-guest interactions between TUeQN and all other components 

in the polymerization reaction. To do so, we synthesized a model thiolate, tetraethyl ammonium 

iso-amyl sulfide, to serve as a fully deprotonated thiolate reference compounds, and performed 1H 

NMR titrations of this salt with TUeQN (Figure 4B). We observed clear NH•••S– hydrogen bonding 

interactions between the thiourea and the thiolate anion, indicated by the downfield shift of NH 

proton peaks.79,81 The downfield shift and the sharpening of NH peaks upon thiolate addition 

indicates that the thiourea was not deprotonated by the sulfide anion, which would have led to 
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disappearance of the NH peaks.72 The 1:1 mixture of thiol and TMG induced about half of the 

magnitude of chemical shift changes in comparison to the thiolate salt, consistent with its degree 

of deprotonation (Figure 4A). TMG also formed complexes with thiourea, indicated by significant 

shifts of NH peaks; while nearly no changes in NH peaks suggest minimal hydrogen-bonding 

interactions with neutral thiol or the (R)-LM monomer. These observations allowed us to picture 

the binding equilibrium leading to the propagating species (Figure 4C): TUeQN (Cat) binds either 

the thiol-base ion pair (G•SH) or just the base (G). The HBC-bound TMG (Cat•G) can in principle 

uptake a thiol to form a dormant species (Cat•G•SH). The proton in the ternary complex, Cat•G•SH, 

is rapidly and reversibly exchanged in an intramolecular or intermolecular fashion to establish an 

equilibrium between the dormant and the activated form of the catalytic complex, Cat•(GH+S–), 

which then sustains a living and controlled propagation. 

The rate law of chain propagation was determined by kinetic measurements under the 

condition of excess monomer while changing the equivalent of BnSH, TMG, and TUeQN, 

respectively (equation 1; Figure 4D; Figure S43): 

–d[(R)-LM]/dt = kp[BnSH]0.99[TMG]0.67[TUeQN]0.5   (1) 

The fractional reaction order is often a result of off-cycle ground-state associations,90-93 which is 

possible in the current system given the sophisticated association equilibrium depicted in Figure 

4C. Nonetheless, the observation of positive reaction orders that do not exceed unity for all three 

species is consistent with their unimolecular participance, i.e., a 1:1:1 stoichiometry, in the rate-

determining transition state during propagation, supporting the formation of the proposed catalytic 

complex as the effective propagating species. 
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Figure 5. Computational analysis on TUeQN-catalyzed chain propagation. (A) Relative free 

energies of TSs associated with different propagation mechanisms. (B) Four possible 

regiochemical outcomes for chain propagation. Key interactions involved in the resting states and 

the TSs are shown, along with the corresponding rate-determining span differences (∆∆Gr.d.s.) for 

each chain end computed at the M06-2X/6-311+G(d,p)//ωB97XD/6-31G(d) level of theory using 

SMD (toluene) solvation model. The monomer is modeled as (R)-3-methyl-1,2-dithiolane; the 2º 

RS– is modeled as iPrS–, and the 1º RS– is modeled as MeS–.   

 

Theoretical and Computational Studies of Regioselectivity in Chain 

Propagation. Having identified the ternary complex as the propagation species, we shifted our 

focus to understand how the complex mediates a regioselective chain propagation. We initially 

proposed three chemically relevant transition states (TSs) for the ring-opening propagation 
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reaction: a synergistic TS where all species are hydrogen-bonded, an ion-pairing TS where the 

cation is not associated with TUeQN, and a proton-transferred TS where the HBC’s amine is 

protonated to serve as the countercation (Figure 5A). The DFT calculations showed that the 

synergistic TS is the most stable amongst three and was assigned the working TS for ring-opening 

propagation, while the ion-pairing and proton-transferred TSs are ~6 kcal/mol higher in energy 

(Figure 5A and Figure S49). Then the rate-determining spans between resting states of TUeQN-

bound RS– chain end and the working TSs were computed for all four regiochemical combinations 

(Figure 5B): two types of reactive S in the monomer and two types of RS− chain end lead to four 

possible chain growth pathways. The barrier heights for ring-opening reactions are in the range of 

9−12 kcal/mol (Figures S45−S46), indicative of an easily accessible process. In contrast, the 

barrier of chain transfer is significantly higher (ΔG‡ =17.6 kcal/mol, Figure S52), showing that 

chain transfer is kinetically unfavorable in comparison with chain growth under anion-binding 

catalysis.  

In order to evaluate the computed reaction mechanism based on the synergistic TS, a 

kinetic model that relates experimental outcomes to elementary propagation reactions are needed. 

Inspired by the statistical model established in stereoselective polymerization,94,95 a rate-based 

statistical model for regioselective polymerization was formulated here. All four ring-opening 

regiochemistry is considered (Figure 5B). The two pathways from the same type of chain end (1º 

or 2º RS−) are directly competing, and the outcome of this competition is determined by the ratio 

of the rate constants. On the basis of steady-state and equal-activity hypotheses, the RS− chain ends 

are treated to have stable concentrations during chain growth and their reactivity are independent 

from the sequence. Then, the probability of regioisomeric triad is expressed as a function of rate 

constants of elementary propagation reactions (see Supporting Information S.12 for detail 
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derivation). The assignment of the three regiochemically irregular triads could not be determined 

directly from experiment.96 By randomly assigning them on 13C NMR spectra, only one specific 

assignment consistently yielded, in all tested data sets, non-negative ring-opening rate constants 

(Table S1) with a ranking order that agrees with literature report.84,97 The regioisomeric triad 

successfully assigned, the regioselectivity of the ring-opening reaction, Ps, were obtained by 

solving the statistical model using the experimentally obtained triad populations (Table 1; Table 

S2). The experimentally-backed propagation rate constants offer a reference to assess the accuracy 

of DFT calculations on model ring-opening reactions. The relative rate-determining span (ΔΔG‡) 

for the competing growth pathways from the dominant 2º RS− chain end (90% population) was 

computed to be 1.8 kcal/mol. This is in a good agreement with the theoretically derived rate 

constant ratio (k21 / k22 = 9) from TUeQN-catalyzed ROP, which has a regioregularity of 0.7.  

 

Figure 6. Structural analysis of the ring-opening regioselectivity. (A) The optimized geometry of 

the HBC-bound RS− chain end. (B) The transition-state structures of the ring-opening reactions 

from the 2º RS− chain ends. The steric maps for the binding pocket of TUeQN at the TS were 
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computed using the central S atom in thiolate-disulfide exchange reaction as the center (radius = 

5 Å). The intermolecular interactions are shown by independent gradient model (IGM). 

Structural analysis was carried out to understand the origin of regioselectivity in TUeQN-

catalyzed ROP. At the resting state, the HBC binds the guanidinium sulfide to form a hydrogen-

bonded complex, in which the thiourea’s NH donors bind RS− chain end on the east while the 

tertiary amine of TUeQN stabilizes the guanidinium cation on the west (Figure 6A). At the TS, the 

guanidinium and sulfide chain end dissociates to open up a binding pocket in the north-west 

quadrant for monomer binding and chain growth (Figure 6B). The available space in the north-

west quadrant is evident by its lowest buried volume in the steric maps: %Vbur = 21% and 26%, 

respectively for the two ring-opening pathways from the dominant 2º RS– chain end. Noncovalent 

interactions between the monomer and the catalytic complex were revealed by the independent 

gradient model (IGM) analysis. Two steric contacts were found: one between the cation and the 

monomer on the west, and the other between monomer and the catalyst on the east. These contacts 

are greater for the 2º→2º ring-opening regiochemistry than the 2º→1º, as the substituent on the 

monomer is protruding against the interior of the binding pocket, forcing itself to be in an axial 

position relative to the ring. The steric crowding by the catalytic pocket and the unfavorable 

monomer conformation in the 2º→2º TS contribute to the regioselectivity in TUeQN-catalyzed ROP 

in favor of 2º→1º ring-opening. 

Expanding the Scope and Utility of Controlled Dynamic Polymerization. To 

examine the versatility of TUeQN-catalyzed ROP, a range of lipoic acid derivatives were tested as 

ring-opening monomers (Scheme 2). The monomer scope covers carboxylates with aromatic, 

alkenyl, fluorous, glycol, and hydroxyl pendent groups and secondary amide. All monomers were 

successfully polymerized with excellent control (Đ = 1.11−1.16) and high regioregularity (Pss = 
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0.60−0.76) (Table 1, entries 13–18). Further improvement on regioregularity is possible by 

lowering the reaction temperature; tighter anion binding and greater ring-opening selectivity are 

both in favor of higher Pss. Accordingly, the Pss was boosted from 0.7 to 0.86 as the temperature 

was lowered from 4 to −35 ºC (Figure 7A; Table 1, entries 10–12) but further lowering of the 

temperature to at −45 ºC increased viscosity and subsided reactivity. 

 

Figure 7. Scope and utility of living regioselective ROP of 1,2-dithiolanes. (A) Impact of 

temperature on TUeQN-catalyzed ROP of (R)-LM. The circles represent regioregularity (Pss), and 

the columns represent monomer conversion at the second time point for each temperature. (B) 

DSC traces for poly[(R)-LM] of varied Pss, and the corresponding 13C NMR spectra showing the 

region most indicative of regioisomeric triads (Scheme 1). 

 

The improvement of regioregularity is anticipated to benefit thermal properties of 

poly(disulfide)s. The widely used lipoate monomers were long thought to form amorphous 

polymers and have been used as a soft segment in copolymerization with the crystalline 1,2-

dithiane.46 The glass transition temperature of poly[(R)-LM] was shown by differential scanning 
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calorimetry (DSC) to be around –35 ⁰C and was not affected by the regioregularity (Figure 7B). 

Interestingly, with sufficiently high regioregularity (Pss > 0.6, Figure 7B), poly[(R)-LM] exhibited 

crystallinity with a melting temperature around 45 ºC, in stark contrast with the anticipation based 

on its long, flexible side chains. The dependence of crystallinity on regioregularity is an 

underappreciated idea, and control over polymer’s regioregularity now offers a complementary 

means to tune crystallinity.  

 

CONCLUSION 

In conclusion, a controlled and regioselective polymerization of cyclic disulfides have been 

successfully achieved using a robust TMG/TUeQN catalytic system. The complex formed between 

the thiourea catalyst, guanidine base, and thiolate chain end is key. The control over the anionic 

ROP, demonstrated by the narrow dispersity, is attributed to both the reversible termination by 

protonated TMG and the NH•••S– hydrogen bonding interactions offered by catalyst TUeQN, 

leading to an improved selectivity for ring-opening reaction over the thiolate-disulfide exchange 

with the linear S−S bonds in the polymer backbone. The preorganized binding pocket, though 

assembled by noncovalent interactions and may be perceived as flexible, still led to facilitated 

distinction of S sites on the lipoate monomers to afford polymers with high regioregularity and 

improved thermal properties. The catalytic system is shown to be amenable with monomers of 

varied functional groups, opening doors to control the synthesis of poly(disulfide)s for advanced 

structures, materials, and applications. 
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